Abstract: Xylanases belonging to glycoside hydrolase (GH) family 11 have a wide range of pH optima. A single residue, which is located adjacent to the acid/base catalyst, is primarily responsible for pH optimum determination. This residue is Asp in acidophilic xylanases, whereas it is Asn in neutrophilic and alkaliphilic ones. Aspergillus kawachii produces 2 GH11 xylanases, acidophilic XynC, which has Asp37 at this position, and neutrophilic XynB, which has Asn43. To investigate the mechanism of pH optimum determination in these xylanases, we constructed various mutant enzymes, including mutations of the Asp/Asn residue. Their pH-dependent activities were measured using a natural xylan substrate or a synthetic substrate, o-nitrophenyl β-xylobioside. A D37N mutation raised the pH optimum of XynC from 2.8 to 5.5, whereas an N43D mutation lowered the pH optimum of XynB from 4.2 to 3.6. Crystallographic analysis on the D37N mutant of XynC suggested that a hydrogen bond between Asp(Asn)37 and the acid/base catalyst is weakened by the mutation. Kinetic analysis of the mutants suggested that the ionization states of the ES complex dictate the acidophilicity of XynC. Therefore, mutants of other residues in the active site cleft were also examined, and it was shown that Glu118 and Tyr10 also contribute to the extreme acidophilicity of XynC. Interestingly, an F131W mutation in XynC increased the activity toward the synthetic substrate by 8.4-fold. Crystallographic analysis on the F131W mutant suggested that optimization of the aromatic side chain packing in the substrate-binding cleft increases the catalytic activity.
Xylanases (EC 3.2.1.8) are widely used in biotechnological applications such as cereal making, paper manufacture and hemicellulosic biomass degradation, bioconversion and biorefi ning. 1) Xylanases belonging to 2 major glycoside hydrolase (GH) families, 10 and 11, have been extensively studied.
2) Both the GH10 and GH11 xylanases catalyze hydrolysis, with retention of the anomeric confi guration with 2 catalytic Glu (namely nucleophile and acid/base catalyst) residues. GH11 has a β-jellyroll fold, and crystal structures of 22 GH11 xylanases (11 from Bacteria and 11 from Eukarya) have been solved to date (see the CAZy website at http://www.cazy.org/). GH11 xylanases are known to have wide variety of pH optima. We have previously determined the crystal structure of an acidophilic GH11 xylanase C from Aspergillus kawachii (XynC) and revealed that a single residue (Asp37) is primarily responsible for its low pH optimum.
10) The pH optimum of XynC has been reported to be 2.0. 11) Asp37 forms a strong hydrogen bond with the acid/base catalyst, Glu170 (Supplementary Fig. S1 ), and mutation of the Asp37 residue to Asn, Ser, or Glu resulted in a considerable shift of the pH optimum to neutral pH. A comprehensive survey of GH11 protein sequences indicated that Asn is usually present at this position in alkaliphilic and neutrophilic xylanases, whereas Asp is present in acidophilic ones (Supplementary Table S1 ).
12)
Numerous studies on GH11 xylanases that examined mutational effects at the corresponding residue have been reported. 6,13 16) Without exception, Asn to Asp mutation caused acidic shift of the pH optimum or vice versa. The pH optimum shift by the Asn to Asp mutation has been studied in detail in a neutrophilic xylanase, XlnA from Bacillus circulans (BCX).
13) Mutation of Asn35 to Asp (N35D BCX) shifted its pH optimum from 5.7 to 4.6. Based on 13 C-NMR titration measurements of pKa values of the catalytically important ionizable groups of the N35D BCX mutant, Joshi et al. proposed a reverse protonation mechanism, in which the xylanase is catalytically active only when Asp35 is protonated, while the nucleophile residue (Glu78) is deprotonated. Since the pKa value of Asp35 (3.7) is lower than that of Glu78 (5.7), only ~1% population of the N35D BCX mutant is in the correct ionization state for catalysis at its pH optimum, and it is implied that it has inherently higher catalytic effi ciency than the wild-type (WT) enzyme. However, the pH optima of extremely acidophilic GH11 xylanases from fungi (e.g., XynC) are far lower than that of the bacterial mutant enzyme (N35D BCX). Therefore, there may be an alternative or additional mechanism for the extreme acidophilicity of fungal xylanases.
A. kawachii is used for making shochu (Japanese traditional spirit) and secretes numerous GHs that digest barley cell walls. 17) During fermentation by A. kawachii, 3 major xylanases, GH10 xylanase A, GH11 xylanase B (XynB), and XynC, are produced. 11, 18, 19) A. kawachii XynB is a neutrophilic xylanase, whose pH optimum has been reported to be 4.5, and has Asn43 at the position corresponding to Asp37 of XynC (Supplementary Table S1 ). To elucidate the mechanism of pH optimum determination of fungal GH11 xylanases, here we studied various mutant enzymes of the 2 xylanases, including D37N XynC and N43D XynB. In addition to measurements using a natural xylan substrate, kinetic analyses were performed using a synthetic substrate. As regards XynC, a residue that contributes to the acidic environment of the cleft (Glu118) and aromatic residues at the substrate-binding cleft (Tyr10, Phe131 and Trp172) were also mutated ( Supplementary Fig. S1 ). Two XynC mutants (D37N and F131W), which showed interesting features, were selected for crystal structure determination.
MATERIALS AND METHODS
Protein expression and purifi cation. Native XynC was purifi ed from A. kawachii carrying the multi-copy gene of XynC on its chromosome as described previously.
10) Expression vectors for recombinant enzymes of the WT and mutant XynC and XynB were constructed by inserting their mature protein-coding region into the pET17b vector (Novagen, Madison, USA) at the NdeI/EcoRI site. Site-directed mutagenesis was performed using a QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, USA). The DNA fragments were sequenced using a DNA sequencer to prove that only the desired mutation had occurred. The XynC and XynB genes were expressed in Escherichia coli BL21(DE3) cells harboring pT-groE.
20) The transformants were grown in TB medium containing 1.2% tryptone, 2.4% yeast extract, 0.5% glycerol, 17 mM KH2PO4, 72 mM K2HPO4, 100 μg/ mL ampicillin and 34 μg/mL chloramphenicol at 30 C to an A660 of 0.8. Protein expression was induced by the addition of 1 mM isopropyl-1-thio-β-D-galactopyranoside, and cells were then cultivated for an additional 5 h at 26.5 C. The harvested cells were resuspended in 50 mM Na-citrate buffer (pH 3.5) and sonicated. Most of the E. coli proteins were precipitated in the acidic buffer and removed by centrifugation. After changing the buffer to 50 mM Na-acetate (pH 5.0) by dialysis, the proteins were purifi ed using DEAE-Sepharose FF (GE Healthcare, Buckinghamshire, England) and Poros HQ/H (Applied Biosystems, Foster City, USA) column chromatography. The purity, folding and protein size were checked by SDS-PAGE, circular dichroism spectra and timeof-fl ight mass spectrometry, respectively. Activity measurements using xylan. Activity measurements using beechwood xylan (Sigma, St Louis, USA) were performed as described previously, 10) except that phosphate/ acetate-NaOH buffer (Pi/Ac buffer) was used at acidic pH instead of Walpole buffer. Pi/Ac buffer was prepared by the addition of NaOH to 100 mM phosphoric acid and 100 mM acetic acid. McIlvaine Na2HPO4-citric acid buffer was prepared by changing the ratio of Na2HPO4 to citric acid. Pi/Ac and McIlvaine buffers were used for acidic (1.7 5.0) and neutral (4.0 8.0) pH, respectively. The pH of the buffers was checked with a pH meter after mixing with the substrate at 40 C. A 190-μL volume of a 1% xylan solution in each buffer, at various pH levels, was incubated for 30 min at 40 C. Depending on its specifi c activity, an appropriate concentration of each enzyme (10 μL) was added to start the reaction. Released reducing sugar was measured by Somogyi and Nelson s method using commercial reagents (Wako Pure Chemical Industries, Osaka, Japan).
21) The absorbance at 490 nm was measured using a Microplate Reader Model 550 (Bio-Rad, Hercules, USA). One unit of enzyme was defi ned as the activity producing 1 μmol of reducing sugar as a xylose equivalent per min. Steady-state kinetic studies using a synthetic substrate. o-Nitrophenyl β-xylobioside (ONPX2) was synthesized by the method of Kitaoka et al. 22) Different concentrations of ONPX2 in 0.1% bovine serum albumin, 50 mM NaCl and 20 mM phosphate/citrate-NaOH buffer at different pH levels (570 μL) were warmed at 40 C, and the reaction was initiated by the addition of a 30 μL aliquot of enzyme. After an appropriate time interval, a 50 100 μL aliquot was sampled, and an equal volume of 1 M Na2CO3 was added to stop the reaction. The absorbance at 405 nm was measured immediately using a Microplate Reader Model 550 (Bio-Rad) to quantify released o-nitrophenol (ONP). The extinction coeffi cient of ONP determined at 405 nm (pH 12) was 3850 M 1 cm 1 . For determination of kcat and Km values, the ONPX2 concentrations varied from 1 to 50 mM, and at least 8 data points for a plot of each saturation curve were collected. The data were fi tted to the Michaelis-Menten equation. For determination of the pH-dependence of kcat/Km values, a low concentration of ONPX2 (0.4 mM) was used, and the reaction was monitored until substrate depletion was observed. The data were fi tted to a pseudo-fi rst-order expression
23 )}. For the D37N, D37N/E118A and D37N/E118Q mutants of XynC, the kcat/Km values were fi tted against an equation that presumes a second ionizable group shaping a biphasic acidic limb. The equation used for the fi tting is (kcat/Km)obs = (kcat/ Km)max[{r/(1 + 10 pKa1 pH ) + 1/(1 + 10 pH pKa1 )}/(1 + 10 pKa1 pH + 10 pH pKa2 )], where pKa1 is an apparent pKa value of the second ionizable group, which is presumed to increase the activity by r-fold when it is deprotonated. Nonlinear regression curve fi tting was calculated using the program Kaleidagraph (Synergy Software, Reading, USA). Crystallography. Crystallization and X-ray data collection of the D37N and F131W mutants of XynC were performed as described previously.
10) The crystals were mounted in a glass capillary, and diffraction data were collected at room temperature using a BL18B beamline at the Photon Factory, High Energy Accelerator Research Organization (KEK), Tsukuba (λ = 1.0 Å). Diffraction images were processed using DENZO and SCALEPACK (D37N), 25) or DPS/MOSFLM (F131W).
26) Model rebuilding and refi nement were performed using Coot 27) and Refmac5. 28) Molecular graphic fi gures were prepared using PyMol (Delano Scientifi c). The atomic coordinates and structure factors (accession codes 3RI8 and 3RI9) have been deposited in the Protein Data Bank.
RESULTS AND DISCUSSION
pH profi les of the activity of XynC (WT and D37N), XynB (WT and N43D) and Glu118 mutants of XynC using a xylan substrate.
The pH optima of native XynC and XynB have been reported to be 2.0 and 4.5, respectively. 10, 11) In this study, we reexamined the buffer system to ensure the pH value would not change in the reaction mixtures. As shown in Figs. 1(a) and 1(b), here we concluded that the pH optima of WT XynC and WT XynB toward a xylan substrate were 3.0 and 5.0, respectively. As to WT XynC, native enzyme (produced by A. kawachii carrying the multi-copy gene of XynC) and the recombinant enzyme (expressed in E. coli) were compared, and they showed virtually the same pH dependence of activity and stability. Figure 1(a) shows a comparison of the pH dependence of the activity of the native and recombinant enzymes (diamonds and circles, respectively). Our previous crystallographic study confi rmed that native XynC does not have any glycosylation sites.
10) Therefore, we used E. coli recombinant proteins throughout this study unless otherwise noted. The pH-dependent stabilities of WT XynC, D37N XynC, WT XynB and N43D XynB are shown in Figs. 1(a) and 1(b) (triangles). WT XynC and D37N XynC were stable over a wide range of pH values, whereas WT XynB and N43D XynB were unstable below pH 3.0. Other mutants of XynC also showed similar pH-dependent stability profi les (data not shown). The activity measurement data of WT XynB and N43D XynB were corrected according to expected denaturation kinetics.
D37N XynC showed largely decreased activity to about 15% of that of WT XynC, and its pH optimum shifted to pH 5.0 ( Fig. 1(a) ), in accordance with our previous report.
10)
On the other hand, the N43D mutation of XynB resulted in a slight shift of the pH optimum to 4.5, which is caused by a decrease in activity above pH 4.5 ( Fig. 1(b) ). It is noteworthy that XynC showed about 40% specifi c activity compared with XynB, even at its pH optimum. Ito et al. reported that XynC purifi ed from A. kawachii shows 48% specifi c activity compared with XynB when Remazol Brilliant Blue-xylan was used as a substrate.
11)
The active site cleft of XynC is negatively charged due to the presence of Glu118.
10) The corresponding residue is usually (but not always) Glu in acidophilic xylanases, but Gln or Ala are present in neutrophilic and alkaliphilic ones (Supplementary Table S1 ).
12) To examine the role of Glu118 in the acidophilicity of XynC, 2 single mutants (E118Q and E118A), and 2 double mutants (D37N/E118Q and D37N/ E118A) were prepared. The single mutants showed reduced activity below pH 4.5 compared with WT XynC (Fig. 1(c) ), indicating that Glu118 contributes to the high activity of XynC at low pH. The pH optima of E118A and E118Q were 3.0 and 4.0, respectively. The double mutants did not show any notable change in their pH-activity profi les compared with the D37N mutant ( Fig. 1(d) ), suggesting that a concerted interaction with Asp37 is a prerequisite for the activityincreasing effect of Glu118 at low pH. All of the 4 Glu118 mutants showed increased activity at neutral pH (6 7) compared with their parent enzyme (WT or D37N). This may be caused by elimination of charge repulsion between the deprotonated Glu side chain and negatively charged glucuronic acid substituents of xylan.
10,29)
Kinetic parameters and pH profi les of XynC (WT and D37N), XynB (WT and N43D) and Glu118 mutants of XynC measured using a synthetic substrate.
The activity measurements using a natural xylan substrate inherently include the effects of inhomogeneity of the polymeric substrate with side chain substitution, and steadystate kinetic parameters cannot be precisely determined. To further investigate the effects of the mutations on the pH-dependent activity, we used a synthetic substrate, ONPX2. Kinetic parameters (kcat and Km) were calculated by fi tting the saturation curve ([S]-v plot) to the MichaelisMenten equation. Table 1 shows the kinetic parameters of the WT and mutant enzymes at pH 3.0 and 5.0. The Km values of GH11 xylanases toward ONPX2 are generally high (>10 mM) compared with those of GH10 xylanases (0.1 3 mM). 30, 31) The Km values of the WT enzymes at pH near the optima (3.0 for XynC and 5.0 for XynB) were comparable, being 19 and 15 mM, respectively, and they are comparable with those of WT BCX (14.2 mM, Table 1 ). The Km values of the Asp-containing enzymes (WT XynC and N43D XynB) at pH 5.0 were signifi cantly high, being 120 and 23 mM, respectively.
Depletion of the substrate from a low concentration ([S] << Km) was measured at various pH levels, and the data was fi tted to a pseudo-fi rst-order expression to calculate the kcat/ Km value. The pH profi les of kcat/Km of XynC (WT and D37N) and XynB (WT and N43D) are shown in Figs. 2(a) and 2(b), and calculated pKa values are shown in Table 2 . The pH profi le of WT XynC exhibited a clear bell shape. The pH optimum and the apparent pKa values for the acidic and basic limbs were 2.8, 1.3 and 4.2, respectively. On the other hand, the pH profi le of D37N XynC was not a clear bell shape (Fig. 2(a) ). The acidic side of the pH profi le was apparently biphasic, exhibiting a shoulder at pH 4.0. The profi le could be fi tted using an equation that presumes an additional ionizable group that increases the activity when it is deprotonated. The 2 pKa values shaping the biphasic acidic limb were calculated to be 3.0 and 5.0, and the activity appeared to be increased by 1.6-fold at pH levels above the latter pKa value. The pH optimum and the basic limb of the pH profi le were 5.5 and 6.4, respectively. Interestingly, the apparent maximum kcat/Km value of D37N XynC (0.272 mM 1 s 1 at pH 5.5) almost doubled compared with that of WT XynC (0.138 mM 1 s 1 at pH 2.8), in contrast to the measurements using xylan as a substrate ( Fig. 1(a) ).
The pH profi les of WT and N43D XynB were both a narrow bell shape with comparable maximum kcat/Km values ( Fig. 2(b) ). The pH optimum, the apparent maximum kcat/ Km, and the calculated pKa values for the acidic and basic limbs of WT XynB were 4.2, 5.52 mM 1 s 1 , 3.2 and 5.2, respectively. The pH optimum, the apparent maximum kcat/ Km, and the calculated pKa values for the acidic and basic limbs of N43D XynB were 3.6, 5.14 mM 1 s 1 , 2.3 and 4.8, respectively. Therefore, the pH profi le of XynB shifted by 0.4 0.9 pH units to the acidic side when Asn43 was mutated to Asp. The pH profi le shift was basically similar to that caused in WT BCX by the N35D mutation, 13) although XynB is inherently acidophilic compared with BCX. The maximum kcat/Km values of WT and N43D XynB were about 20 times higher than that of D37N XynC.
pH profi les of E118A, E118Q, D37N/E118A and D37N/ E118Q mutants of XynC were also measured. The pH profi les of the single mutants (E118A and E118Q) were sim- The values were calculated by fi tting the data shown in Fig. 3 to equations described in MATERIALS AND METHODS. ilar to that of WT XynC in their shape, but their activity decreased (Fig. 2(c) ) as a result of elevation of the Km values (> 48 mM at pH 3.0) ( Table 1 ). The pH optima of E118A and E118Q slightly shifted toward neutral pH, both being 3.1. The double mutants (D37N/E118A and D37N/E118Q) also exhibit non-bell shaped pH profi les, as in the case of D37N XynC (Fig. 2(d) ). The acidic limbs of the double mutants showed neutral shift, but the basic limbs did not change. The apparent pH optima of D37N/E118A and D37N/E118Q were around 6.0 and 5.5, respectively.
pH Dependence of kinetic parameters of XynC (WT and D37N) and XynB (WT and N43D).
Kinetic parameters (kcat and Km) of WT XynC, D37N XynC, WT XynB and N43D XynB were separately measured at different pH levels, in addition to pH 3.0 and 5.0. Plots of log(kcat/Km) pH, log(kcat) pH and log(Km) pH are shown in Fig. 3 . The log(kcat/Km) pH plot refl ects the ionization states of the free enzyme, whereas the log(kcat) pH plot refl ects the ionization states of the ES complex. 32, 33) As shown in Figs. 3(a) and 3(b), changes to the slope in the log(kcat/ Km) pH plots were observed for all of the WT and mutant enzymes at both of acidic and basic limbs. This result indicates that ionization states of the free enzyme mainly dictate the pH profi le of the fungal GH11 xylanases, as reported for BCX.
34) The log(kcat) pH plots of WT and N43D XynB were almost fl at (Fig. 3(d) ), whereas those of WT and D37N XynC exhibited signifi cant changes of slope at the acidic limb (Fig. 3(c) ). Therefore, the acidic limb of the pH profi le of XynC is also dictated by the ionization states of the ES complex.
Mutants of aromatic residues in the active site cleft of XynC.
Tyr10 is located at subsite 2 of XynC, and Phe131 and Trp172 are involved in formation of subsites +1 and +2 ( Supplementary Fig. S1(a) ). These residues show distinct conservation patterns between acidophilic and neutrophilic (or alkaliphilic) xylanases (Supplementary Table S1 ). To investigate possible contributions of these residues to the acidophilicity of XynC, the following mutants were prepared: Y10F, Y10W, F131W, F131I, F131Y, W172F and W172Y. However, W172Y was found in an insoluble fraction of an E. coli cell lysate, suggesting that the mutation affects the correct folding of the protein. Its reverse mutation (Y193W) on Xyl1 from Streptomyces sp. S38 resulted in a similar result that the protein exhibited no activity.
15) pH profi les of the activity of these mutants, except for W172Y, were measured using a natural xylan substrate (Figs. 4(a) (c) ). Y10F showed a decrease in activity at low pH (< 3), and Y10W exhibited large decrease in activity at a wider pH range (< 5), resulting in slight shift of the pH optima to 3.5 for both mutants (Fig. 4(a) ). Therefore, the side chain hydroxyl group of Tyr10 was shown to support the high activity of XynC at extremely low pH. W172F showed slightly decreased activity at pH 2.5 4.0 (Fig. 4(c) ). F131I and F131Y mutations reduced the activity by half in a wide pH range (Fig. 4(b) ). Interestingly, the activity of F131W increased about 1.5-fold compared with WT XynC. The pH optima of the 3 mutants did not change, suggesting that the Phe131 side chain is not involved in acidophilicity but in the basal catalytic activity.
Then we measured the pH profi le of the F131W mutant using ONPX2 (Fig. 4(d) ). The pH profi le was apparently bell shaped, and the activity increased 8.4-fold (1.24 mM 1 s 1 at pH 2.7). The pH optimum of F131W (2.7) did not change from that of WT XynC. The Km value of F131W at pH 3.0 (39 mM) almost doubled compared with that of the WT, but the kcat value largely increased by 20-fold (Table 1) .
Structures of XynC mutants.
The crystal structures of D37N XynC and F131W XynC were determined at 2.0 Å resolution (Table 3) . Both of these mutants showed only slight structural change around the mutated residue. Figure 5 shows superimpositions of these mutant structures (gray) with WT XynC (black) along with the 2|Fo| |Fc| electron density map of the mutants (mesh). The Asn37 residue of the D37N mutant was slightly moved away from the acid/base catalyst (Glu170) (Fig. 5(a) ). The hydrogen bond between Glu170 and Asn(Asp)37 is weakened by this movement, the distance between these residues increasing from 2.8 to 2.9 Å ( Table 4 ). The Asn37 side chain has a signifi cantly increased average B factor, being 45.8 Å 2 , indicating that the side chain is relatively mobile. However, it should be noted that the pH conditions of crystallization (7.5) and data collection (6.5) were higher than the pH optima of the WT (2.8) and D37N mutant (5.5) proteins.
10) The F131W mutation enlarges the aromatic side chain buried in a hydrophobic surface of the substrate-binding cleft (Fig. 5(b) ). The mutation slightly affected the conformation of the surrounding residues Tyr66, Tyr81 and Pro91. The large side chain of Trp131 appears to tighten the packing of the aromatic side chains compared with WT XynC.
Mechanism of pH optimum determination of GH11 xylanases.
In accordance with previous studies on other GH11 xylanases, the Asn to Asp mutation of XynB (N43D) lowered the pH optimum from 4.2 to 3.6, and the Asp to Asn mutation of XynC (D37N) raised it from 2.8 to 5.5. Besides the Asp37 equivalents of XynC, however, many residues in the whole protein of the GH11 xylanases are involved in determining their pH optima. 8) In particular, the biphasic nature of the acidic limb of D37N XynC suggests that multiple ionizable groups are involved in shaping the pH profi le. Moreover, the acidic limb of the pH profi le of WT XynC (1.3) is too low to ascribe it to a single carboxylate group, although the protein is stable down to pH 1.0.
11) It has been reported that longrange charge-charge interactions infl uence the pKa of key catalytic residues, i.e., nucleophile, acid/base catalyst and Asp37 equivalents. 35, 36) Since the long-range charge-charge interactions cumulatively affect the pKa of the key residues, 37, 38) the extremely acidophilic xylanase (XynC) may have evolved through accumulation of numerous substitution mutations on the protein surface. Glu118 is one of the residues contributing to the acidophilicity of XynC. The roles of the Glu118 equivalents in pH optimum determination have also been studied by mutational analyses of other GH11 xylanases. 6, 15, 16) Using molecular dynamics simulations, Kongsted et al. indicated that the Glu118 residue of XynC stabilizes the neighboring Arg115 residue (see Supplementary Fig. S1 ) by a hydrogen bond, which is predicted to lower the pH optimum.
39) Glu118 is located in a thumb region, which plays a crucial role in both substrate binding and product release. 40, 41) Two independent groups reported that a Glu to Ala mutation, which corresponds to the E118A mutation of XynC, increases the specifi c activity of acidophilic xylanases toward xylan substrates by about 50%. 16, 42) In both cases, the increase in activity was due to an increase in the Vmax values while the apparent Km values (in mg/mL) did not change. On the contrary, the E118A mutation on XynC decreased the activity by 25% (natural xylan substrate, Fig. 1(c) ) or by 64% (Fig. 2(c) , synthetic substrate). It is unclear why the E118Q and E118A mutations of XynC elevate the Km values for ONPX2 (Table 1 . Structural analysis of D37N XynC indicated that the mutation weakens the hydrogen bond with the acid/base catalyst. In the case of BCX, conversely, the N35D mutation strengthens the hydrogen bond in the glycosyl-enzyme intermediate.
13) The strong hydrogen bond of N35D BCX between Asp35 and Glu172 (the acid/base catalyst) has been suggested to stabilize the transition state and thus increase the catalytic effi ciency. The reverse protonation mechanism is based on a balance between the increased catalytic effi ciency and the very low population of the correct ionization state for catalysis at its pH optimum. In the case of XynC, the D37N mutation almost doubled its activity ( Fig. 2(a) ). If XynC also follows the reverse protonation mechanism, this may be because the activity-increasing effect (release from the unusual reverse protonated state) exceeded the activitydecreasing effect (the loss of the strong hydrogen bond between Asp/Asn37 and Glu170). It is unclear why the same mutant exhibits very low activity toward a natural xylan substrate ( Fig. 1(a) ). Alternative binding sites for xylan and for the decorated side chain substituents of arabinoxylan have been found in several GH11 xylanases, 43 45) and they may affect the activity measurements. For example, the D37N mutation may create an inhibitory or unproductive binding site for xylan, which has a complicated structure.
The reverse protonation mechanism is currently one of several possible explanations for the wide variety of pH optima of GH11 xylanases. However, the pH dependence of the kinetic parameters of XynC suggested that an underlying mechanism for pH optimum determination of the fungal xylanases is possibly different from that of BCX and its mutant (N35D). The acidic limbs of the pH profi les of WT and D37N XynC are likely dictated by an ionizable group of the ES complex as well as of the free enzyme (Figs. 3(a) and 3(c)). It is diffi cult to identify the key ionizable groups in this case because XynC has many acidic residues in addition to Asp37 and Glu118, especially on a Ser/Thr surface.
10) It is noteworthy that the D37N/E118A and D37N/E118Q mutants, which do not have the ionizable groups Asp37 or Glu118, still exhibited a biphasic nature at the acidic limb of their pH-activity profi les. The pH dependence of the kinetic parameters of BCX is completely different from that of XynC, as the kcat and kcat/Km values have similar pH dependencies as a result of Km being essentially constant.
24)
On the contrary, the decreases in the activity of the fungal xylanases at peripheral pH are caused by an increase in the Km value, except for the acidic limbs of WT XynC and D37N XynC (Figs. 3(e) and 3(f) ).
Roles of aromatic residues in the cleft.
Mutational analysis of the aromatic residues in the cleft showed that Tyr10 also contributes to the extremely low pH optimum of XynC. Similarly, mutation of the Tyr10 equivalent to Trp (Y35W) on XYL1p from Scytalidium acidophilum raised the pH optimum by 0.5 U and decreased the specifi c activity by 64%.
16) Conversely, the W20Y mutation on Xyl1 from Streptomyces sp. S38 lowered the pH optimum from 6.0 to 5.0, while the specifi c activity slightly increased. 15) As suggested by our previous study, the large aromatic ring of the Trp side chain in place of Tyr10 may sterically induce a conformational change to Asp37.
10)
One of the striking results in this study is the signifi cant increase in the turnover number (kcat) of XynC by the F131W mutation. Several studies on GH11 xylanases reported an approximately 20 50% increase in specific activity by directed evolution or point mutation(s), 16, 40, 42, 46, 47) but F131W XynC exhibited an approximately 8-fold increase in catalytic effi ciency. The structural analysis of F131W XynC showed that the large side chain of Trp131 tightens the packing of the aromatic side chains around it. Phe(Trp)131 is located near the subsite +1, which binds the glycon of ONPX2. The aromatic side chain should form a strong hydrophobic interaction with the o-nitrophenyl group, so that the F131W mutation affects the activity toward the synthetic substrate more strongly than the natural xylan substrate. The optimization of the side chain packing in the substrate-binding cleft likely changes the substrate specifi city. 
